Cellulosic wastes from paper mills or other wood wastes from various industries are becoming one of the most promising alternative sources of chemicals for further modification. One of the potential added values is the production of natural based polyelectrolytes (PEL) with all the advantages that come from their renewable and biodegradable source, compared to conventional, harsh to the environment, synthetic chemicals. In this work, a cellulose-based PEL containing positively charged alkylammonium groups was synthesized from the surplus of Eucalyptus bleached cellulose fibres from a pulp mill. To overcome the low reactivity of cellulose in the process, reactive aldehyde groups were firstly introduced in the cellulose backbone by oxidation with periodate. The final product was characterised by several analytical and spectroscopic techniques and then evaluated for its performance in decolouration processes in a dual system. The results showed that the percentage of colour removal could be, for several cases, higher while using the natural based compound than with traditional polyacrylamide. Bio-PELs can thus be considered as very favourable eco-friendly flocculation agents for wastewater treatment, e.g., decolouration of effluents from textile industries.
INTRODUCTION
The availability of drinking water decreased over past few decades though several influences such as poor land used, population grow, urbanisation, climate change or even agriculture [1] [2] . Over all different possibilities of polluting water, the coloured pollutants are the most common. Due to great amount of synthetic organic compounds as well as of their modifications, unnumbered amount of shades and colours is available, which can meet all the application needs of several industries, e.g., textile, paper, cosmetics or pharmaceuticals etc [3] [4] .
Among them, textile industry is one of the biggest that produce the largest amount of coloured wastewater. The whole process (fiber dyeing and washing) releases effluents that contain 10-15% of colorant, which need to be purified in order to discharge them to the environment namely rivers. Besides presenting a high value of biochemical oxygen demand, which increases with the dye contamination, the coloured effluents can also contain toxicans, pH altering agents, sulphur or salts, and be considered as toxic, carcinogenic or mutagenic [5] .
Attributable to the great grow of the colouring industry and hard environmental regulations, there is a strong need of developing inexpensive, effective and environmental friendly methods of decolouration and wastewater purification [6] .
In the present work, a cellulose-based cationic polyelectrolyte was evaluated as a natural flocculant in the purification of several different model coloured wastewaters. Numerous promising procedures were studied, and the results compared to those obtained using the most popular synthetic flocculant, polyacrylamide.
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Disintegration
A mass of 15g of Eucalyptus bleached kraft pulp was placed in a 2L beaker. The disintegration was carried out with distilled water at 1% consistency, using magnetic stirrer at room temperature, overnight. The pulp slurry was filtered in a large Buchner funnel.
Alkaline extraction
Alkaline extraction of Eucalyptus bleached pulp after disintegration was carried out at room temperature for 2h with 1M NaOH at 5% consistency, using mechanical stirring. After alkaline extraction, the pulp slurry was filtered in a large Buchner funnel, washed with a large amount of deionised water and airdried. Sugars analysis by HPLC showed it to be composed of ca. 93% of cellulose and 6% of hemicellulose (xylan).
SYNTHESIS AND CHARACTERIZATION OF CELLULOSE-BASED FLOCCULANT
Preparation of dialdehyde cellulose (DAC) by periodate oxidation of cellulose
Highly oxidized cellulose was first produced by weighing 100 g of cellulose suspension with a consistency of 4% into a 500 mL flask and adding 300 mL of deionized water containing 7.2g of LiCl and 8.2g of NaIO4.The reaction vessel was covered with aluminium foil to prevent the photo-induced decomposition of periodate and placed in an oil bath. The reaction mixture was stirred with a magnetic stirrer at 71ºC. After 3h, the product was filtered and washed several times with deionised water to remove iodine-containing compounds.
Determination of the aldehyde content of DAC
The aldehyde content of DAC was determined based on the oxime reaction between aldehyde groups and NH2OH•HCl. The never-dried periodate oxidized cellulose (0.1g on a dry basis) was placed in a 250mL beaker containing 1.39g of NH2OH•HCl dissolved in 100mL of 0.1M acetate buffer (pH = 4.5).
The beaker was covered with a thin rubber foil and the mixture was stirred 48h at room temperature with a magnetic stirrer. The product was filtrated and washed with 600mL of deionized water after which it was dried in a freeze-dryer. Since 1 mol of aldehyde reacts with 1 mol of NH2OH•HCl giving 1 mol of the oxime product, the aldehyde content in DAC can be calculated directly from the nitrogen content of the product.
Preparation of water soluble cationic cellulose by cationization of dialdehyde cellulose
Non-dried DAC (0.8g on a dry basis) was weighed into a 100 mL flask and 80 mL of deionized water and (2-hydrazinyl-2-oxoethyl)-trimethylazanium chloride (GT) with a GT/aldehyde content of 3.9 was added. The pH of the reaction mixture was adjusted to 4.5 with dilute HCl and the mixture was stirred for 1h at 70ºC. After cooling to room temperature, the mixture was transferred into centrifuge tubes and isopropanol was added to each tube to precipitate the soluble products. The mixtures were then centrifuged for 30min at 4500 rpm, after which the supernatants were removed. The product was washed with a water/isopropanol solution (1/9, v/v) and the centrifugation was repeated twice more. Removal of the GT was monitored by adding a small amount of AgNO3 to the supernatant. When no AgCl precipitate formation was observed the washing was considered complete. Finally, the cationic product was oven-dried at 60ºC and then stored in a desiccator.
The final cationic cellulose was characterized by FTIR and 1 H NMR spectroscopy. Additionally, ζ-potential was also measured. FTIR-ATR spectra were obtained on a Bruker Tensor 27 spectrometer, using 128 scans and a resolution of 4 cm −1 , in the range of 600-4000 cm NMR spectrometer using Bruker standard pulse program. A Zetasizer NanoZS from Malvern Instruments was used to measure the zeta potential.
SELECTED DYES AND DYES CHARACTERIZATION
The dyes considered in the present study to simulate coloured effluents were: methylene blue (Fluka), crystal violet (Feldkirch Inc), duasyn direct red 8BLP (Feldkirch Inc), orange 2 (Roth), basic green 1 (Alfa Aesar), and acid black 2 (Roth). These were characterized for their UV-VIS spectra and absorption maxima. Conductivity of their aqueous solutions (1%) was also measured. UV-VIS spectra were measured on a JASCO V550 spectrophotometer, in the 800-200 nm wavelength range, with a scanning speed of 200nm/min.
COAGULATION-FLOCCULATION EXPERIMENTS
The jar-test was applied in order to evaluate the flocculation performance of the water soluble cationic cellulose. The cationic cellulose solution for the flocculation test was prepared by dissolving the cationic polymer at 0.04% concentration in distillate water and stirring at 500 rpm for 30min. Model effluent was prepared by adding some amount of dye (the amount depending on the type of dye) to distillate water and stirring at 500 rpm; for the flocculation experiment, 150mL of the dye solution was placed in a beaker, and, if required, the pH adjusted to the target value by adding NaOH 10% or H2SO4 10%. A suitable dosage of flocculant was then added dropwise, while mixing slowly during 20sec; for most of the experiments, bentonite was also added before the cationic flocculant addition. A water sample of approximately 2mL was pipetted at the surface from the centre of the beaker, for the determination of colour removal over time (10min, 1h, 24h). The decolouration was calculated by measuring absorbance at specific wavelength (typically at the visible absorption maximum of each dye). Comparison was made with a commercial cationic polyacrylamide (PAA).
RESULTS AND DISCUSSION
CHARACTERIZATION OF DAC AND CATIONIC CELLULOSE
Cationic cellulose was obtained from alkaline-extracted cellulose in a two-step reaction. Firstly, DAC was synthesized by oxidation of cellulose with periodate and the presence of substituent aldehyde groups (at the C2/C3 position) checked by FTIR spectroscopy and determined by reaction with NH2OH•HCl (as explained in the experimental section). A DAC with an aldehyde content of 1.61 mmol/g (based on the nitrogen content of the oxime derivative), was obtained, which indicates a high degree of substitution [7] [8] [9] . FTIR spectroscopy (Fig. 1 ) showed several differences between the DAC prepared from the cellulosic pulp and the initial material. In particular, a new band appeared in the spectrum of DAC at 1730 cm -1 due to the C=O stretching of the incorporated aldehyde groups. In addition, the characteristic C1-H bending band at 897 cm -1 of cellulose was shifted to 882 cm -1 in DAC. In the region between 1000 and 1200 cm -1 , several differences could also be noted. For instance, the band at 1162 cm -1 , due to the asymmetric C-O-C stretching of glycosidic bond of cellulose, is not well resolved in the spectra of DAC. These new features are certainly the result of the ring opening and oxidation of OH groups at C2/C3 positions; new hemiacetal linkages can also be established between the aldehyde groups and the alcohol groups of different chains which would be held responsible for the observed spectroscopic changes.
The DAC was further derivatized to imine containing alkylammonium groups and the product characterized by elemental analysis, FTIR and 1 H NMR spectroscopy, and zeta potential. The 1 H NMR spectrum (Fig. 2) showed the presence of high intensity signals at 3.23-3.29 ppm, which can be attributed to methyl protons (H3C) of alkylammonium moieties, protons linked to carbon between the alkylammonium group and the C=O(NH) amide group, and to protons linked to carbon in HC=N-imine bond. A sharp signal at 3.97 ppm was also observed probably due to protons linked to carbon 6. FTIR spectrum of cationic cellulose (Fig. 1) showed several new bands not present in the spectrum of original cellulose and DAC. Namely, a very intense band appeared at 1687 cm -1 which is due to the carbonyl . Besides, bands appeared at 1475 and 1415 cm -1 , from the asymmetric and symmetric bending of methyl groups. An intense band also appeared at 925 cm -1 which can be attributed to the asymmetric C4-N stretching of the alkylammonium groups. Thus, 1 H NMR and FTIR spectroscopy gave clear evidence that cationization of cellulose through the formation of imine bonds by reaction of DAC with GT reagent occurred. According to the nitrogen elemental analysis (13.7%) the cationicity index of the product was 3.26 and the degree of substitution of approximately 1.02. The modified cellulose presented a zeta potential of +55 mV, confirming its cationic character. 
DYES CHARACTERIZATION
Some relevant characteristics of the used dyes are summarised in the Table 1 . As known from their chemical structures, some of the dyes have positively charged organic chromophores while others have negatively charged ones. The ionic conductivity of the 1% dyes aqueous solutions was the highest for Duasyn Direct Red. This dye possesses two ionized sulphonic acid groups per molecule, contributing, thus, for its higher ionic mobility and the corresponding higher ionic conductivity. Orange 2, possessing only one ionized sulphonic acid group per molecule, showed a lower conductivity. The pH´s of the dyes aqueous solutions were reasonably similar, except that for Basic Green 1 dye. For the latter, the pH was of around 2.5, due to the hydrolysis of hydrogenosulphate ions (acting as counter-ions of the organic counterpart). Finally, the different wavelength for the visible absorption maximum of each dye reflects the different chemical structure of the organic cromophores. The UV-VIS spectra of the dyes considered in the present work are shown in Fig. 3 . Table 2 summarizes the results obtained for the Methylene Blue. To obtain high percentages of color removal it was required the addition of bentonite (dual system) and changing of pH to acidic or neutral conditions. Under these conditions, more than 95% of color removal could be attained just after 5 min. treatment. At high pH, even with a higher excess of cationic cellulose and in the presence of bentonite, decoloration was always lower than 80% after 24 hours. Without bentonite it was possible to remove colour but the process was slow (88% removal after 24 hours and 24% after 10 minutes). Worse results were obtained with only polyacrylamide. Overall, it seems that the cationic cellulose, in the presence of bentonite, is efficient for the decoloration of Methylene Blue. Table 3 summarizes the results with the Duasyn Direct Red. Once more, very good results were obtained in acidic conditions (pH around 2) with the dual system bentonite/cationic cellulose. Without bentonite the results were poorer and no more than 50% of decoloration was obtained after 24 hours. Increasing the pH, still under acidic conditions, also decreased the efficiency of color removal. The results with cationic cellulose were comparable to those obtained by substituting it by polyacrylamide. For Acid Black 2 (Table 4) , it was typically required more time to achieve a high decoloration level (at least one hour) under acidic conditions and in the presence of dual system with bentonite. Very interesting results were obtained with Crystal Violet (Table 5 ). The dual system was very efficient in the color removal of this dye, being obtained just after 5 minutes, color removal efficiencies close to 100%, even under alkaline conditions. However, for this dye, just with only bentonite, a color removal of 73% was obtained after 5 min (and 87% after 24 hours). No good results were obtained for tests on colour removal of Orange 2. The best result obtained so far was a decoloration of 18% after 24 hours of settling with the addition of 2.67 ppm of cationic cellulose (only), what cannot be considered as a right procedure for the coloured wastewater treatment. The same inability was also observed with polyacrylamide.
As for Basic Green 1 (Table 6) , CDAC was also found to be effective in certain conditions for the color removal of this dye, being achieved decolorations higher than 85% after 5 minutes treatment for certain experimental conditions. For pH's of 7 and more, dyes removal achieved modest values (typically less than 60% after 5 minutes). In general, results were better than those obtained with polyacrylamide for the same conditions.
CONCLUSIONS
In this work, water soluble cationic cellulose synthesized from bleached Eucalyptus kraft pulp fibres in a two-step reaction was used as flocculant for the dyes removal. In a dual system with bentonite, it was found to be efficient for the color removal of five different types of dyes: Methylene Blue, Duasyn Direct Red, Acid Black 2, Crystal Violet and Basic Green 1. Among all the tested dyes, only with Orange 2 dye poor results were obtained. Typically, better results were obtained while using the natural-based flocculant than with commercial polyacrylamide (for the same pH and flocculant dose). A new type of system can thus be proposed for the color removal of wastewaters from textile industry. 
